The integration of different types of materials in a single hybrid system allows the combination of multiple functionalities, which can even be used in conjunction with each other. This strategy has been exploited in nanoscale systems for the creation of so-called smart nanomaterials. Within this category, the combination of inorganic nanoparticles with stimuli-responsive microgels is of very high interest because of the wide variety of potential applications. We present here a short overview of this type of materials in which the nano-and micro-scales get nicely integrated, with a great potential to expand the range of technological applications. We focus mainly on the integration of metal nanoparticles, either by themselves or in combination with semiconductor and magnetic nanoparticles. Various examples of the synergic properties that can be obtained are described, as well as the possibility to extract useful information when optical tweezers are used to manipulate single particles. We expect that this review will stimulate additional research in this field.
perature, pH, magnetic and/or electric fields, osmotic pressure, to detect specific molecules such as glucose or antigens, their properties as scaffolds to repair tissues, and their potential use as delivery systems for therapeutic or imaging agents [1] [2] [3] [4] [5] [6] . In fact, their response to external stimuli has granted these materials the consideration of smart or intelligent gels. A hydrogel is defined as a network of hydrophilic polymer chains dispersed in water. Natural hydrogel materials include agarose, methylcellulose or hyaluronic acid. Among a wide variety of synthetic hydrogels, poly(N-isopropylacrylamide) (pNIPAM) has received special attention. pNIPAM is a temperature-responsive polymer that undergoes a reversible phase transition from a swollen hydrated state to a shrunken dehydrated state at
32
∘ C, which is thus its lower critical solution temperature (LCST) [1] . This means that around this temperature the interactions between chains in the polymeric network and the solvent experience a dramatic change, boosting their reorganization. For pNIPAM, as temperature rises hydrogen bonds connecting amine groups in the polymer weaken, enhancing polymer-polymer interactions, as sketched in Figure 1 [7, 8] . This leads to expelling water (or other compounds previously embedded in the polymeric network interior) and changes the surface properties [9, 10] . A distinction has been made between gels (or macrogels) and microgels, the latter term referring to the polymeric network as a colloidal dispersion in water, or simply to hydrogel microspheres. While macrogels and microgels share most of their physical-chemical properties, microgels exhibit a number of important additional features that derive from their colloidal nature: microgels are freeflowing liquids and the high surface to volume ratio favors rapid responses triggered by environmental changes, as well as mass transport from the inner core to the outer medium and vice versa [11, 12] . Furthermore, microgels can be assembled into 2D or 3D colloidal crystals with tunable optical properties [13] . Regarding synthetic routes, NIPAM is frequently polymerized in emulsions. Co-polymerization of NIPAM with other organic co-monomers such as acrylic acid, maleic acid or styrene can be used to induce changes in the swelling kinetics and thermodynamics, through variation of both the elastic properties and the osmotic pressure [1] . Other variations in the synthesis serve to adjust the water content within as much as 10 to 90 wt %. Furthermore, the surface of microgels is usually negatively charged, which is the result of the initiators or other monomers susceptible of copolymerization. Cross-linking monomers such as N,N-methylenebisacrylamide (MBA) are regularly used and can also modify the microgel properties. The polymerization kinetics of other co-monomers with respect to those of NIPAM will influence the final properties of the colloid in terms of compositional gradient and/or surface charge. The large amount of scientific work reporting microgel research in the last decades evidences the high interest on these materials. Some of the most important features of microgels in general and of pNIPAM in particular are related to the versatility to tune their properties, namely: (i) NIPAM can be copolymerized with one or more co-monomers to produce colloids with tunable LCST and shrinking properties, (ii) their surface charge and functionalization can be controlled during the synthesis, and (iii) core-shell-like structures can be produced, providing additional tunability of the physico-chemical properties, derived from the synergic combination of the properties of the core and the shell. Furthermore, out of core-shell structures, hollow microgel particles can be obtained by selectively dissolving the core [14, 15] .
pNIPAM microgels and nanoparticles
The incorporation of metal, magnetic or semiconductor nanoparticles (NPs) within (pNIPAM) microgels is very attractive because the functionalities that are inherent to the NPs can be added or combined with those of the microgels. In this section we focus on the synthesis and characterization of hybrid systems combining pNIPAM microgels and NPs. From the synthetic point of view, NPs (i) can be added in-situ during the hydrogel synthesis to generate microgels loaded with NPs [16] , (ii) can decorate the surface of previously prepared microgels [17] or (iii) can be used as seeds from which the gel can be grown as a corona/shell, NPs@pNIPAM [18] . Among other properties, metal nanoparticles have raised much interest within the context of the use of nanostructures as small sources of heat to locally increase the temperature. For example, laser beams can be used for the destruction of tumor tissues through hyperthermia, but this technique requires the development of materials that are susceptible to release heat upon optical excitation [19] . Metallic NPs absorb electromagnetic radiation and subsequently release energy as heat, thus increasing the temperature of the surrounding medium. The ability to transfer heat from optically excited metallic NPs has triggered numerous studies in which NPs can be used as remote controllers of the phase transition of pNIPAM microgels. Several groups have obtained hybrid microgels by either polymerizing NIPAM in the presence of metallic NPs or by simultaneous nucleation and growth of both components [20] . An example of decorated microgels is the adsorption of Au nanorods on the surface of pNIPAM microgels, as shown in Figure 2A . In this case, a polyelectrolyte was used to promote electrostatic attraction between the nanorods and the pNIPAM microbeads. It is known that localized surface plasmon resonances (LSPR) in metal NPs are strongly influenced by particle size and shape, as well as by the dielectric properties of the environment and interparticle interactions [21] . Au nanorods exhibit two well-differentiated plasmon modes, transverse and longitudinal LSPRs. When Au nanorods are adsorbed on pNIPAM microgels, the thermally induced collapse of the polymer network has been found to lead to a fully reversible red shift of the longitudinal plasmon band of the nanorods (see Figure 2B ) [22] . Such optical response is, in this case, the result of slight changes in the refractive index of the microgel which are recorded by the highly sensitive NPs. Copolymerization of NIPAM with allylacetic acid (AAA) yields a more interesting hybrid system (pNIPAM-co-AAA) [23] , which is sensitive not only to temperature but also to pH. Additionally, control over charge density (provided by the acid) allows for higher Au-nanorods coverage, as shown in Figure 3A. This hybrid system has been demonstrated to show not only a reversible 55 nm LSPR red shift with temperature, but also a 41 nm red shift when the pH varies between 8 and 10 (see Figure 3B ). In this case, the larger red shift is the result of the plasmon coupling between neighboring NPs (in densely covered microgels) when the polymer collapses.
Au NPs can also be immobilized on the surface of pNIPAM microgels by electrostatic interactions between the capping ligands of the NPs and functional groups grafted to the polymeric network. An example is shown in Figure 4A , where spherical Au NPs capped with biocompatible polyethylene oxide (PEO) ligands [24] were used to decorate the surface of pNIPAM microbeads copolymerized with maleic acid, which renders the microgel surface with high negative charge at appropriate pH values (similar to NIPAM copolymerization with AAA, see above). Plasmon coupling can be clearly identified for this system in Figure 4B ,D. For small enough distances between metal NPs, which are achieved upon heating densely covered pNIPAM microgels (see Figure 4C ), additional plasmon-coupled modes appear as a collective excitation of several NPs. Another possibility of combining Au NPs with pNIPAM comprises a single Au NP as the core, covered by a microgel shell (Au@pNIPAM). A number of synthetic approaches have been described, including priming the metal NP surface with styrene and divinylbenzene prior to NIPAM polymerization [18] , as well as the use of molecules containing a vinyl skeleton with carboxylic acid or amine functional groups [25, 26] . Novel strategies include introducing in the outmost layer a polyelectrolyte containing the required vinyl functional groups [27] .
Magnetic functionality (mainly via iron oxide NPs) has also been incorporated within pNIPAM microgels. This not only serves to manipulate the particles with external magnetic fields, but also provides heating capacity derived from the ex- citation of the magnetic NPs under alternating magnetic fields. The adsorption of magnetic iron oxide NPs on the surface of pNIPAM microgel beads copolymerized with styrene in a core-shell fashion has been reported [28] . Even more complex structures have been realized by growing a pNIPAM corona on single Fe 2 O 3 covered with a sacrificial SiO 2 shell [29] , or through the combination of magnetic and metallic NPs covered within the same pNIPAM microgel beads [30] . The later structure is illustrated in Figure 5 , where a sketch describes the synthetic steps and the results are shown in the TEM images below. In this case, magnetite Fe 2 O 3 NPs were capped with butenoic acid [31] , which facilitated the encapsulation with pNIPAM. For the nucleation of silver NPs in the interior of the Fe 2 O 3 NPs @pNIPAM hybrid system, sodium borohydride was used to reduce silver cations distributed within the polymeric network. The size of the metal seeds could be increased by a further growth step employing a cationic surfactant and glycine. These hybrid systems show clear advantages because: ( ) the collapse of the pNIPAM network above its LCST leads to a decrease in the average distance between Ag NPs inducing plasmon coupling and, (ii) the manipulation and concentration of the composites is possible due to the magnetic component. These combined functionalities have been exploited for sensing, as described below. Another example of a complex, multifunctional system is shown in Figure 6 [32] . Au NPs were first coated with a thin Pt shell, which was then used as a catalyst to grow metallic nickel. Figure 6A shows the UV-vis spectra of Au@pNIPAM and Au/Pt@pNIPAM characterized by a narrow plasmon peak, whereas in the core/shell Au-Pt/Ni@pNIPAM the LSPR band is broadened but still clearly visible. The overall core-shell structure can be easily discerned in TEM ( Figure 6B ), and the detailed composition of the metallic core is revealed by elemental mapping ( Figure 6C ). Being the optical response governed by the Au core, the extra functionality in these systems arises from the magnetic behavior of the Ni (eventually NiO) shell, which is demonstrated by the hysteresis curve indicating a soft ferromagnet with low coercivity and widened hysteresis loop at lower temperature. Again, the magnetic component allows further manipulation of the composites by applying an external magnetic field.
The versatility of microgels provides also the possibility to combine them with luminescent materials. In this context, fluorescent co-monomers can be copolymerized into the polymer network, allowing for confocal fluorescence microscopy imaging [33] . Fluorescent energy transfer studies have been performed during the collapse of pNIPAM-based core-shell systems containing donor and acceptor fluorophores, respectively [34] . Compared to metallic or magnetic NPs, fewer studies have been reported on the combination of pNIPAM with semiconductor NPs (colloidal quantum dots), which display tunable optical properties governed by quantum confinement [35] . The reason for this might be the frequent luminescent quenching upon small changes of the semiconductor NPs surface. There are, however, several examples of successful inclusion of quantum dots in microgels while maintaining luminescent properties [36] [37] [38] [39] [40] [41] , even when they are present in-situ, during the monomer polymerization [42] .
Semiconductor NPs can also be immobilized on the surface of pNIPAM microgels, either covalently [17] (which may also yield variations of the fluorescence above and below LCST) or electrostatically [43] . An example of the latter is shown in Figure 7A , where a TEM image of CdSe/CdS core/shell semiconductor NPs capped with amino-terminated PEO ligands decorate the surface of pNIPAM beads copolymerized with maleic acid [43] . Figure 7B shows the variation of the hydrodynamic radius with temperature for pNIPAM beads before and after the incorporation of PEO-capped NPs. The hydrodynamic diameter does not vary significantly below the LCST but shows a slight increase for loaded spheres in the collapsed state, indicating the accommodation of the semiconductor NPs and ligands (PEO-derivatives) on the surface of the shallow beads, and an increased stiffness of the composite bead upon collapse. Further characterization of the composites was carried out by means of atomic force microscopy (AFM), as shown in Figure 7C ,D. The heights of the protrusions visible in Figure 7D are 3 nm in average, close to the 4.5 nm size of the semiconductor NPs, which points toward a shallow inclusion in the polymeric network. Since the capping ligand shell of the NPs controls the interaction with the microgel, it is also possible to combine both semiconductor and metallic NPs on the surface of a pNIPAM bead, and to study the interaction between them below and above LCST [44] . Above LCST the average distance between NPs is reduced and the resulting interaction has been studied by optical spectroscopy and by optical trapping.
Optical trapping of pNIPAM microbeads
Optical trapping consists of using one or two highly focused laser beams to generate optical forces that can be used to spatially manipulate micro-and nanoobjects [45] . The setup is usually referred to as optical tweezers. The optical trapping setup is a force sensor calibrated from the principle that light momentum conservation provides force measurements that are independent of the size, shape, or refractive index of the trapped object [45] . Fitting the equilibrium power spectral density of force fluctuations of a particle in the trap allows acquiring the size of the trapped specimen [45] . Optical trapping has been mainly applied to study individual biological systems (cell, DNA, etc.) and individual dielectric objects, but semiconductor and even metallic particles of certain sizes can also be trapped. Experiments with microgels have been recently reported using an optical tweezers setup composed of two 835 nm lasers brought to the same focus. An automated hydrodynamic flow system allowed introduction of bare pNIPAM beads as well as beads decorated with Au NPs (see Figure 3A) , with CdSe/CdS NPs (Figure 7A) , or a combination of both [44] . Power spectrum analysis for individually manipulated specimens allowed the determination of size distributions for the different pNIPAM microgels (Figure 8 ). The method yields average diameters that are significantly affected by the presence of Au or CdSe/CdS NPs, thus manifesting underlying light-NPs interaction effects. The average diameter of bare pNIPAM was determined to be 596 ± 262 nm, while bigger average diameters were found for microgels decorated with CdSe/CdS quantum dots, = 906 ± 98 nm, suggesting that the NPs on the pNIPAM surface may reduce the heating effect of water in the interior of the microsphere and subsequent pNIPAM shrinkage. However, the average diameter obtained for pNIPAM covered with Au NPs was 295 ± 45 nm, which reveals that heating was induced by the thermal relaxation of excited LSPRs in the Au NPs present in the trap. The irradiation of metallic NPs increases the temperature of pNIPAM well above its LCST, even though the excitation laser was far from the Au NPs LSPR, where a maximum effect could be expected. Collective effects may thus be expected from the high concentration of Au NPs on the surface. Finally, the average diameter of the microgels containing both types of NPs was 395 ± 36 nm, i. e. smaller than pNIPAM exclusively covered with CdSe/CdS NPs but larger than microgels decorated with Au NPs only. These results emphasize the sensing capability of the system toward external temperature changes. Figure 8A -C illustrates the shrinkage of the microspheres upon trapping along with the luminescence quenching effect. Figure 8D shows several snapshots corresponding to the luminescent signal at different times (0, 20, 40, and 60 s) of a single trapped microgel in the optical tweezers setup. In these images, the laser and the illumination signals were properly filtered except for the last frame on the right, which was recorded with unfiltered illumination light. As can be appreciated in this frame, the dark spot confirms that the microsphere remained in the trap after the luminescence intensity had fallen below the detection limit of the CCD camera (after approximately 1 min), thus indicating that luminescence vanishes due to quenching. Induced heating by Au NPs induces extra shrinkage of the pNIPAM bead, and a subsequent approach of CdSe/CdS NPs to Au NPs quencher centers. This was also proven by steady state fluorescence spectroscopy in [44] .
As mentioned above, metallic NPs absorb light and subsequently release heat. Therefore, Au NPs have been extensively studied in nanoscale thermometry, i. e. temperature measurements by nanometric objects that provide information from individual entities, such as cells. In this context, the characterization of single nanostructures allows understanding and controlling processes at the nanoscale such as membrane or DNA melting, drug release or protein denaturation [46] [47] [48] [49] . Nanoscale thermodynamics of a single Au NP heated by a laser source has gained attention from both experimental and theoretical points of view [50] [51] [52] . Nanoscale thermometry of Au NPs has been addressed by Raman spectroscopy [53] , time-resolved X-ray spectroscopy [54] or by photo-acoustic experiments [55] . Fluorescent molecules [56] , semiconductor NPs [57, 58] and rare-earth compounds [59] exhibiting temperature-dependent spectra have also been used to estimate the temperature around excited Au NPs.
In order to account for temperature profiles within NPs, optical trapping experiments have also been performed. The configuration of Au@pNIPAM systems renders them ideal for nanoscale thermometry, as temperature changes can be studied in the vicinity of a single optically trapped Au NP giving rise to changes in the thermoresponsive material, both in refractive index and size. To this aim, changes in the plasmon resonance upon laser excitation have been determined in experiments with individual Au@pNIPAM NPs trapped by singlebeam optical tweezers [60, 61] , and similar experiments were also reported to account for the temperature profile around an individual NP [46, 62] . An alternative way to understand the heat released by a single Au NP is by measuring the size of the trapped specimen, similarly to the experiments shown in Figure 8 . A sketch of Au@pNIPAM NPs trapped in between two laser beams is shown in Figure 9A . Understanding the differences between data obtained from an ensemble of Au@pNIPAM NPs (using dynamic light scattering, DLS) and an individual particle (from optical trapping experiments) required a detailed analysis. Data obtained by DLS can be fitted to a four-parameter sigmoidal function (not shown) [63] . Taking into account the temperature predictions in light trapping experiments for different laser powers [64] the equation shown in Figure 9 can be obtained. This equation predicts the final size of a stratified Au@pNIPAM sphere, as a function of the optical power in the focus of the laser trap, for a range of laser powers inducing the pNIPAM phase transition. The size of the Au@pNIPAM system was found to change with the laser power, indicating that there is no direct correlation between laser power and surface temperature, as they are nonlinearly dependent. The combination of bulk DLS measurements with the temperature predictions in light trapping measurements provided a model to account for single-particle laser-induced Au@pNIPAM shrinkage. Figure 9B shows a comparison between sizes obtained by optical trapping and size predictions according to the equation. The black dots are particle size measurements obtained from optical trapping, where corrections of water viscosity with temperature were taken into account [63] . Solid lines correspond to the sigmoidal function in the vicinity of the temperature-induced pNIPAM phase transition. The dashed lines are linearized curves (see [63] for further details).
From Figure 9B it can be seen that a reasonable good agreement was found between DLS of and optical trapping, especially at low laser powers. However, size discrepancies are apparent as the laser power increases, which were assigned to a radial temperature decay within the pNIPAM shell (as sketched in Figure 9A ), so that in pNIPAM layers that are farther away from the Au core temperature increases less and the contraction is smaller. In contrast, in the DLS experiments, all the pNIPAM layers are in thermal equilibrium and contract homogeneously with temperature. This difference implies variations in absorption efficiency of Au@pNIPAM particles and in thermal conductivity of the medium around Au NPs, in a radial fashion. In order to account for these variations, three sets of parameters (thermal conductivity, and refractive index, ) are represented in different colors in Figure 9B . Middle red lines correspond to npNI-PAM = 1.40 and = 0.55 W/m K and bottom green lines to npNIPAM = 1.41 and = 0.50 W/m K. These two cases represent the tendency of the pNIPAM refractive index (n) to increase with temperature [65, 66] and that of the thermal conductivity of the Au NP environment (C) to decrease. The latter effect is expected because the thermal conductivity of the polymer is lower than that of water [67] [68] [69] [70] . Since water molecules are released from the polymer network upon heating, the average conductivity of the Au NP environment will be closer to that of the polymer for increasing temperature values. The error bars depicted for the dots in Figure 9B correspond to the size range representing a maximum size calculated with ( pNIPAM = 1.38, = 0.60 W/m K) and a minimum size calculated with ( pNIPAM = 1.41 and = 0.50 W/m K) for each laser power. It can be clearly observed that better agreement is found from both sets of data when taking into account variations in the refractive index and conductivity of the surrounding medium. These parameters must be taken into account when considering local laser heating experiments in aqueous solution at the nanoscale. It is also clear that moderate heating at optical traps allows control over the volume phase transition of the beads, which can be very advantageous for applications requiring temperature control at the nanoscale, such us targeted heat-induced cell death.
Applications of pNIPAM microgels
The studies described in this article show that new synthetic methodologies and sophisticated techniques for advanced characterization have been developed, opening room for new applications. An example comprises core-shell pNIPAMbased beads with sizes below 100 nm (nano-gels), loaded with small interfering RNA (SiRNA). It has been shown that these systems bioconjugated with peptides can carry out selective targeting and SiRNA delivery to ovarian cancer cells, thereby reducing gene expression [33] . The ability of analytes to diffuse through the micro-or nanogel layer allows for a vast palette of potential detection routes as described below. Arrays of microgels on substrates have been also used as optical lenses [71] and biosensors recording ligand-protein interactions. Another active field of research based on microgels loaded with NPs is catalysis. Pure, alloyed or multilayered metallic NPs@pNIPAM allow modulating the catalytic activity in a non-monotonous way, through variations in the porosity of the microgel when the temperature is varied [72] [73] [74] [75] [76] . Furthermore, by controlling the synthetic parameters, the diffusion of reactants toward the metal core surface can be tuned and thus the catalytic activity can be finely tuned. This effect has been recorded, for example, in the redox reaction of hexacyanoferrate (III) and borohydride taking place on the surface of Au NPs through either collapsed or swallowed Au@pNIPAM in which the pNIPAM shell controls the flow of reactants [77] . It was observed that the crosslinker density employed for the synthesis of pNI-PAM ultimately governs the thermal response, allowing for a fine modulation of the catalytic activity. Another interesting application for metallic NPs encapsulated in microgels is their use as platforms for surface enhanced Raman scattering (SERS), an optical spectroscopy technique in which the Raman scattering signal is greatly amplified in the vicinity of a nanostructured metal when it is excited in resonance with its localized surface plasmon [78, 79] . Since the first reported SERS on silver and gold colloids in 1979 [80] , they have become one of the most commonly used nanostructures for SERS, both as a testing ground for the most thorough theoretical modeling, and for achieving single-molecule detection [81, 82] . The use of colloidal metals encapsulated with pNIPAM has demonstrated not only the amplification of the signals of molecules containing functional groups capable to interact with the surface of the metallic colloid but also those of neutral molecules that are difficult to detect such as alcohols or ethers. This effect can be seen in Figure 10A , where the SERS spectrum of 1-naphtol, a molecule with low affinity for Au surface, was recorded. Figure 10A shows the variation of SERS intensity as a function of solution temperature. The SERS signal can be identified after a swell-collapse transition, in which the pNIPAM corona traps the 1-naphtol molecules and brings them close enough to the metal surface for enhancement of the Raman signal.
Additionally, the amplification of the Raman signal can be optimized by varying the size, shape, and composition of the metallic core as well as the surface charge of the pNIPAM shell. On one hand, Ag-coated cores display improved plasmonic performance with respect to pure Au and on the other hand, the surface charge may allow electrostatic attraction of charged molecules. Therefore, Ag can be grown on the surface of Au NPs or Au nanorods embedded in pNIPAM by the reduction of AgNO 3 with ascorbic acid, as described in Figure 5 above. Bimetallic cores embedded in pNIPAM shells synthesized using a cationic initiator yield composites with high positive surface charge. To demonstrate the possibility of using this system for electrostatic trapping, the SERS signal of 2-naphthoic acid (NA) at pH 13 was recorded in different colloidal solutions namely: Ag nanospheres sta-bilized with citrate, AuAg bimetallic nanospheres with a positively charged pNI-PAM shell (AuAgNS-100@pNIPAM) and AuAg bimetallic nanorods with Ag shell (AuAgNR-82@pNIPAM). Comparison of the SERS spectra can be seen in Figure 10B for 2-naphthoic acid at pH 13, so that NA is completely ionized and thus unlikely to adsorb on standard, citrate-stabilized silver colloids, which also have negative surface charge (see top spectrum Figure 10B ). However, NA anions can adsorb on the positively charged shells of the metal@pNIPAM systems, giving rise to a significant increase in the recorded SERS intensity, as can be observed in both the middle and bottom spectra. A substantially larger intensity was recorded for nanorods, which is consistent with previous reports demonstrating the superior performance of this NP morphology for SERS analysis.
Conclusions
An overview of the fascinating properties of hybrid microgels has been presented, with an especial emphasis on particular combinations of inorganic NPs and pNI-PAM microgels. The rational design of NPs and microgels allows the fabrication of a rich palette of responsive hybrid systems with tunable properties that can be applied in various fields including drug delivery, ultra-sensitive detection and catalysis, among others. It is however important to keep in mind that the intricate internal structure of microgels and the different size scales involved in these composites are of relevance when trying to understand their behavior and when devising their applications. In particular, the radial variations in porosity may affect the way in which drug delivery works or even the diffusion of reactant molecules and thus the performance of encapsulated catalyst nanoparticles or SERS enhancing substrates. Advances in the direction of such understanding have been made by means of single particle experiments such as optical manipulation and in situ characterization. Further progress is to be expected if full advantage is taken from multiple functionalities that can be incorporated in single nanoparticles as described in the present work.
